Standard anode supported micro tubular-solid oxide fuel cell (MT-SOFC) stacks may provide the oxidant, in relation to the fuel, in three different manifold regimes. Firstly, "co-flow" involves oxidant outside the MT-SOFC flowing co-linearly in relation to the fuel inside. Secondly, "counter flow" involves oxidant outside the MT-SOFC flowing counter-linearly in relation to the fuel inside the MT-SOFC. Finally, "cross-flow" involves the oxidant outside the MT-SOFC flowing perpendicular to the fuel flow inside the MT-SOFC. In order to examine the effect of manifold technique on MT-SOFC performance, a combination of numerical simulation and experimental measurements was performed. Furthermore, the cathode current tap location, in relation to the fuel flow, was also studied. It was found that the oxidant manifold and the location of the cathode current collection point on the MT-SOFC tested and modeled had negligible effect on the MT-SOFC's electrical and thermal performance. In this study, a single MT-SOFC was studied in order to establish the measurement technique and numerical simulation implementation as a prerequisite before further test involving a 7 cell MT-SOFC stack.
Introduction
Solid oxide fuel cells (SOFCs) are becoming ever more relevant as a means of converting fuels to electricity. The fact that they can be fuelled with hydrocarbon fuels, require no precious materials in their production, and now, with smaller versions, can be rapidly heated to operational temperature makes them a viable alternative to traditional energy conversion systems. SOFCs produce excess heat that may thermally self sustain the stack, drive peripheral electricity generation devices or reformers, or heat water. SOFC stacks have been reported to provide as much as 85% fuel utilization [1, 2] . Simulation results of Chan et al. [3] show that their SOFC-gas turbine power system could achieve a net electrical efficiency of better than 60% and a system efficiency (including waste heat recovery for steam generation) of better than 80%. Other reports of such high efficiencies for SOFC gas turbine systems can be found in Refs. [4] [5] [6] [7] [8] [9] [10] . Sidwell and Coors [11] have shown that peak electrical efficiency is a compromise between fuel utilization and operating voltage, which act in opposition to each other. They concluded that it is possible to exceed 60% electrical efficiency in internally reforming SOFCs. The maximum reported electrical conversion efficiency for a SOFC system (3.1 kW) has been reported as 59% (direct current (DC), lower heating valve (LHV)) [12] , which it is claimed reached the world's highest level at the time of publication (2009).
The MT-SOFC is a much smaller version of the standard planar and tubular SOFC systems. Specifically for MT-SOFCs, Howe et al. [13] , in a recent review paper, have shown that MT-SOFC fuel utilization in the literature averages from 50% to a maximum of 79%. Normally, MT-SOFCs are considered for small scale, in the order of W to kW, stationary power generation, and indeed For a detailed analysis of modeling and experimental activities up to 2009, the reader is referred to Refs. [26] [27] [28] .
The aim of this study was to examine several oxidant and fuel manifold techniques and their thermally induced effect on MT-SOFC performance. The MT-SOFCs used in this study were fundamentally small tubes having a 2.7 mm outer diameter and a 3.5 cm cathode length. A tubular gas tight electrolyte separates a fuel on the anode side (inside the tube) and an oxidant on the cathode side (outside the tube) in order to supply redox electrochemistry with reactants. As far as the authors are aware, there has been no study that investigates the oxidant manifold regime in the scientific literature, specifically for MT-SOFCs. Comparisons in the literature of the co-, counter-, and cross-flow methods may only be found for big SOFC tubes and planar cells. For example, Recknagle et al. [29] examined the effects of these three different methods on a planner SOFC with a validated electrochemical code and combined it with computational fluid dynamics (CFD) software.
The role of the flow regime between and around MT-SOFCs within arrays and also through them internally is a very important consideration in an MT-SOFC stack design. This issue has been addressed to some degree by several authors. For example, recently Serincan et al. [30] have investigated the steady state behavior of an MT-SOFC inside an oven in a very comprehensive and enlightening 2D model. The fuel temperature in the anode increased by about 110 C between open circuit voltage (OCV) and 0.2 V. Such a temperature response should affect the system response. Furthermore, they found temperature gradient field ranges of 18 and 40 C on the cathode and anode sides. In their model, the electrolyte temperature is slightly higher than the electrodes', ranging from 0.1 C at OCV to 0.9 C at 0.2 V. This is probably because of the reactions taking place in that vicinity. For further information on CFD modeling of MT-SOFCs, the reader is pointed to Refs. [31] [32] [33] .
The results of this initial study will establish the capability of a combined experimental method using a specially designed apparatus, miniature thermocouples and CFD analysis, in order to qualitatively and quantitatively establish the effects of a single MT-SOFC's performance as a function of oxidant manifold regime. Also, the cathode current tap location effect on MT-SOFC performance was also considered. The results will clearly show realistic temperature measurements via the thermocouple readings and realistic electrical performance measurements via I/V curves. This data was compared with CFD simulation predictions in order to predict, in detail, what is occurring inside the test chamber, which cannot be easily observed visually or using an infrared detection apparatus. The lessons learned from this study will be a valuable asset when attempting to perform the same measurements within a seven cell bundle within the same apparatus. Moreover, the information learnt from this study will be very important in order to understand the effects inside a MT-SOFC stack depending on the flow regime.
Materials and Methods

Experimental Apparatus.
The experimental apparatus, as seen in Fig. 1 , was constructed of Crofer 22APU and Conicro 5010 W both from ThyssenKrupp AG Germany, heating bulbs (Philips GmbH, Germany), and top insulation, not shown, Ultra board (Porextherm GmbH, Germany) bottom insulation (regular porous concrete block). The testing apparatus heating was regulated by thermocouples placed in the testing chamber that touched the top and bottom walls. Two further thermocouples were placed on the testing chamber side of the cross flow air in the diffuser. Each oxidant inlet pipe also had thermocouples placed inside. These were used in order to monitor the temperature at various locations within the inlet/outlet pipes. All thermocouples were covered at their tips with blobs of chimney and oven sealant (UHU GmbH, Germany) in order to minimize errors due to radiation reflection and emission effects. I/V curve measurements were made using a Bio-Logic (SAS Fr) VSP potentiostat system and VMP 3B 5 A booster. The rated potential measurement error was 0.1% full scale range (FSR) and rated DC current measurement error was 0.2% FSR. Figure 1 (a) solid arrows show the oxidant inlet and outlet with the pipe ends positioned 40 cm away from the apparatus in order to keep the plastic air inlet pipes that were connected to them below their melting point. The broken arrows show the location of the MT-SOFC position guides. The ceramic MT-SOFC fuel manifolds and MT-SOFCs were guided into the testing chamber through these larger steel pipes. Figures 1(b) and 1(c) white, broken arrow show the co-and counter-flow manifold techniques, and the black, dotted arrow shows the cross flow technique. Two MT-SOFCs are shown in Fig. 1 (c) in order to display that this apparatus was designed for a seven cell stack. The MT-SOFC under test was located in the middle cell guide. Finally, Fig. 1(d) yellow, whole arrows show the location of the gas tight seals made between the apparatus and the ceramic MT-SOFC fuel manifolds. For these single MT-SOFC tests all other guide pipes were blocked using high temperature silicone. In order to create the various oxidant flow regimes, one of the apparatus's oxidant feed/exhaust pipes was used as the oxidant inlet and another as the oxidant outlet. The remaining two pipes were blocked in order for the oxidant to be driven out the decided oxidant outlet pipe.
The equipment used to make the thermal measurements was thermocouples (Type K and LCD display unit TC Direct, UK) (Accuracy 61.5% or about 10 K at 1023 K). All the thermocouples used were tested by observing the phase transition of solid aluminum to liquid at 933 K and silver at 1235 K. Furthermore, a LabVIEW (NI Corp.) DAQ and control program was written in order to perform the experiments. Small errors in the thermocouple readings were accounted for in the LabVIEW code in order to provide immediately comparable readings. The thermocouple locations on the MT-SOFC cathode are shown in Fig. 2 . The thermocouples used in order to measure the cathode temperature were 0.25 mm diameter miniature thermocouples provided by TC Direct, UK. In addition to the silver wire seen in Fig. 2 , silver paste was used to form rings and strips on the cathode, seen also in Fig. 3 , see Sec. 3.1. In Fig. 2 "H 2 þ in" means that the cathode current tap (location where the electrons return to the cathode current collector on the cathode) was located at the MT-SOFC fuel inlet side. "H 2 þ out" means that the cathode current tap was located at the fuel outlet side of the MT-SOFC. Note that 25 C and 101,325 Pa used for the calculation of normalized volume flow rates is stated in this study. Furthermore, the apparatus top and bottom wall temperatures (inside the apparatus) were maintained at 1050 K. This resulted in a passive (under OCV conditions) MT-SOFC temperature of 1046 K.
3 Theory and Calculation 3.1 Theory. A commercially available CFD modeling software [34] with an additional electrochemical module [35] was used in order to simulate the different manifold designs addressed in this study. The SOFC module predicts the electrochemical performance of the MT-SOFC and is built upon the following principles and equations.
• Fluid flow, heat transfer, and the mass transfer in the flow channels and in the porous anode and cathode electrodes are accounted for.
• The current and the potential field in the porous electrodes and in the solid conducting regions are accounted for.
• The electrochemical reactions that take place at the electrolyte/electrode/gaseous species interface are accounted for.
Since the local Nernst potential depends upon the fuel and oxidant composition at the three phase boundary locations, an SOFC's current density distribution and the transport behavior are locally dependent. Additionally, the activation and limit losses coupled to the electrolyte are a function of the current density. In the electrochemical module chosen for this study [35] , either side of the SOFC's electrolyte was partitioned by local potential difference. The Nernst potential, the ohmic loss within in the electrolyte, and the activation losses associated at the electrode/electrolyte interfaces provided the terms required in order to calculate this potential difference. The CFD-SOFC module chosen assumed an Fig. 2 Location of thermocouples and current collector on the MT-SOFC used in the experimental apparatus. Note, e.g., "1 out" refers to hydrogen supplied whereby the cathode tap is located at the outlet. ideal case, whereby there was uniform contact between the electrodes and highly conductive current connectors. The electric field, mass species, energy transport, fluid flow, heat transfer, and mass transfer in the manifolds and porous electrodes are all considered. Furthermore, since the electrochemical performance within the SOFC is coupled to the gas flow rate and local temperature, the following standard conservation laws, Eqs. (1)- (3), are used in the model [35] :
where q i is species density, t is the time, t is the fluid velocity vector, and S m,i is the rate of species i production, attributable to chemical reactions.
Conservation of Momentum.
whereby p is the static pressure, s is the stress tensor, and qg is the gravitational body force vector, respectively. The external body force F ! vector contains other model-dependent source terms such as porous-media sources.
Conservation of Energy.
whereby E is the total energy per unit mass, h is the enthalpy, and J is the diffusive mass flux. The first three terms on the right side of Eq. (3) represent energy transfer due to conduction, species diffusion, and viscous dissipation. At the electrolyte electrode interfaces, S h includes the heat of chemical reaction and all other volumetric heat sources including SOFC ohmic heat generation. The energy equation (Eq. (4)) needs treatment at the electrodeelectrolyte interface to account for the heat generated or lost as the result of electrochemistry and the overpotentials (i.e., activation overpotential and ohmic loss through the electrolyte). The total energy balance on the electrolyte interface is computed by enumerating the enthalpy flux of all species, including the heat of formation (sources of chemical energy entering the system), and then subtracting off the work done (leaving the system), which is the local voltage jump multiplied by the local current density. What remains is the waste heat due to irreversibilities. S h in Eq. (4) accounts for the heat of chemical reaction and all other volumetric heat sources. Additionally, in the electrically conducting zones, the SOFC ohmic heat generation is accounted for within this term. In all solid MT-SOFC components, the electric field solution, including electrode and electrolyte ohmic heating, is accounted for by Eq. (4) [35] .
Note that k eff is the effective thermal conductivity, the definition of which depends on the flow regime (laminar or turbulent).
The CFD code assumed that the electric field and the electrochemistry interact solely at the electrolyte interface. It treats the electrolyte interface as an impermeable wall consisting of a 1D electrolyte and 2D electrolyte electrode interfaces. Thus, the potential field requires a "jump condition" applied to the two sides of this 1D electrolyte wall in order to account for the electrochemistry effects. This jump condition encapsulates the anode/cathode voltage due to Nernst, the voltage reduction due to activation, the Ohmic loss due to the resistivity of the electrolyte, and a linearized term for the voltage reduction due to activation losses. This interface condition relates the potential on the anode and the cathode side of the electrolyte. It has the following form:
where g ele is the ohmic over-potential of the electrolyte, g act;c is the cathode over-potential, g act;a is the anode over-potential, u ideal is the Nernst potential, and g s is the ohmic loss in the solid conducting regions. The SOFC module uses a Taylor's series expansion where a previous value for current density i old is used. The Butler-Volmer equation for the activation potential is nonlinear, and this Taylor's series expansion is used to make a locally linearized form as described in Eqs. (7)- (9) .
Using this approximation, the voltage jump across the electrolyte is formulated as shown in Eq. (10):
Liner with local idensity (10) where V is the anode to cathode voltage, N is the Nernst potential, q * is the electrical restively, and t * is the electrolyte thickness. Here, the activation overpotential is included as a direct reduction of the voltage and as an additional effective resistance. To find the activation over potential at the anode and the cathode, the Newton method can be used to solve the full version of the Butler-Volmer Eq. (11) [35] :
where
where i * is the current density i * 0eff is the exchange current density, a is the electrode specific transfer coefficient, g act is the activation polarization, n is the number of electrons transferred per reaction, R is the universal gas constant, T is the absolute temperature, and F * is Faradays constant. The transfer coefficient is considered to be the fraction of the change in the polarization, which leads to a change in the reaction rate constant. For fuel cells, its value is usually 0.5. The exchange current density is the forward and reverse electrode reaction rate at the equilibrium potential. Exchange current densities describe intrinsic rates of electron transfer between electrodes. Such rates provide structural and electronic insights into these elements (anode and cathode), and in general, the exchange current density depends on the composition of the electrode, the state of the electrode surface (e.g., surface roughness, presence of oxides, adsorbed species on the surface), concentration of the electro-active species in the solution (both the reduced and oxidized form), the composition of the electrolyte, and temperature. High exchange current densities mean a high electrochemical reaction rate and, hence, the possibility of good fuel cell performance [36] .
The CFD software calculates the fluid composition at each model grid point. Therefore, the calculation of concentration polarization is inherent in the calculation [37] . The multicomponent diffusion model is used in order to calculate the diffusion coefficient of species i in the mixture j. The effect of porosity on the multi component mass diffusion coefficient is considered in Eq. (12)
where e is the porosity, s * is the tortuosity, and D is the binary diffusion coefficient of species i in mixture j. In order to account for electrical conduction, three-dimensional electrical conduction is directly comparable to the calculation of heat transfer, and the CFD software [34] uses this concept as a means to calculate the electric field. The conservation of charge is the basis for the calculation of the potential field throughout the electrically conducting regions of a model. This is expressed below in Eqs. (13) and (14) [35].
r is the electrical conductivity, / is the electrical potential, and i * is the current density. The redox reactions must be modeled at the electrodes, electrolyte, and gas species interfaces. Using the local electrical current information, the SOFC model applies species fluxes to the electrode boundaries. Therefore, the reactions at the cathode and anode electrodes are considered in Eqs. (15) and (16) [37] .
For more information regarding the solution procedure and equations, the reader is pointed to documentation from the CFD code provider [35] or from excellent summaries produced by Sleiti [31] or Christman and Jensen [37] .
The predictability of this approach has been compared in the thesis of Lawlor [38] and in Lawlor et al. [39] to experimental results, whereby another case Lawlor et al. [40] , was used as the experimental setup. These results can be found in Ref. [39] . The results showed that these models under those conditions of Ref. [40] provided adequate accuracy regarding species, temperature, and electrical performance of the MT-SOFC under test. The same electrochemical and MT-SOFC properties were used in this study.
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The surface-to-surface (S2S) radiation model was used in order to account for the radiation exchange in the test apparatus enclosure. The energy exchange between two or more surfaces depends, in part, on their size, separation distance, and orientation. These parameters are accounted for by a geometric function called a "view factor." More information on this topic can be found in Ref. [34] . The main assumption of the S2S model is that any absorption, emission, or scattering of radiation can be ignored; therefore, only "surface-to-surface" radiation need be considered for analysis. This was certainly the case inside the testing apparatus modeled as optical thickness was certainly insignificant.
The S2S radiation model is computationally very expensive when there are a large number of radiating surfaces. Thus, in order to reduce the computational time as well as the storage requirement, the number of radiating surfaces is reduced by creating surface "clusters." The surface clusters are made by starting from a face and adding its neighbors and their neighbors until a specified number of faces per surface cluster is collected. A value of one cell per cluster was applied on the MT-SOFC cathode side wall and ceramic inlet pipe while a value of four cells per cluster was applied on the test chamber inner housing.
The normalized radiation error is defined as in Eq. (17) .
where the error E is the maximum change in the radiosity J at the present S2S sweep, normalized by the maximum surface emissive power, and N is the total number of radiating surface clusters. The radiation calculation was deemed to be converged when E decreased to 1 Â 10 À6 or less. For more information regarding the fuel cell solution process and equations, the reader is directed to documents from the CFD code provider [34, 35] or to sufficient summaries by Christman and Jensen [37] or Sleiti [31] .
Calculation.
A commercially available CFD modeling software [34] with an electrochemical module [35] was used in order to simulate the manifold designs discussed in this paper on MT-SOFC performance. The MT-SOFC dimensions were: anode thickness 85 Â 10 À5 m, electrolyte thickness 1 Â 10 À5 m, and cathode thickness 5 Â 10 À5 m. The MT-SOFC modeled had a 2.7 mm external diameter and a 1 mm internal diameter. The MT-SOFC active area was 2.97 Â 10 À4 m 2 . For the cross flow case, the flow from the diffuser was assumed to be uniform, and thus the cross flow inlet pipe and chamber before the diffuser, seen in Fig. 1 , was neglected. This was done in order to reduce the number of mesh elements required in the simulation and also in order to simplify the radiation calculation.
For momentum, body forces, species, and the SOFC module, the second order upwind discretization scheme was used. The standard discretization scheme was used for pressure. Discretization of the energy terms within the model was considered via a third order discretization "QUICK." The Reynolds numbers, for the flows both inside and outside the MT-SOFC, can be described as laminar. This was deduced by using a standard calculation and reference to a standard engineering moody diagram for flow inside a pipe and literature available for flow around a cylinder in cross flow [35] . The pressure based solver was used, and the SIMPLE scheme was used for the pressure velocity coupling. A description of the modeling parameters, used in the CFD solving process, can be seen in Table 1 . As a reference regarding the other simulation parameters, the reader could follow Ref. [41] with the changes highlighted in Table 1 noted. From several test cases, the convergence of the model was deemed acceptable when the residuals of velocity (x,y, and z) and continuity were below 1 Â 10 À5 and when the species and energy equations were below 1 Â 10 À8 . Furthermore, monitors on several features such as MT-SOFC voltage, current, species concentrations on the outlets, and MT-SOFC temperature were all analyzed before a realistic solution was accepted.
Additionally, during initial test cases various grids were used in order to adjudicate grid independence of the solution. Indeed, in order to account for the silver mesh on the cathode, the model contained more than an adequate amount of mesh elements in the fluid zones close to the MT-SOFC. The reader is pointed to Ref. [39] for reference to a grid analysis study for modeling similar MT-SOFCs. The model had at total of 7.5 M nodes and contained fully conformal hexahedral and polyhedral mesh elements. Figure  3(a) shows the experimental apparatus test case whereby measurements were made with several thermocouples located by the yellow dots. These measurements were used to fine tune, via radiation parameters, the model apparatus temperature profile. Note that the values for emissivity on the MT-SOFC wall were obtained from Ref. [45] , where the effect of silver was ignored and the emissivity's on the proposed testing apparatus housing were fitted as 0.55. The Anode and cathode exchange current densities were fitted. These values were estimated by simply using trial and error. The state of the art problems associated with defining exchange current density and then even modeling exchange current density values has been discussed in Refs. [36, 46, 47] . As the goal of this study was to study the effect on MT-SOFC performance as a function of flow regimes, these exchange current density values were not investigated further. Furthermore, the measured maximum 20 C change in MT-SOFC temperature, considering an H 2 /H 2 O mix, would have negligible effect on the exchange current density temperature dependence on the I/V curves predicted by the model [43] . This is furthermore substantiated by our current results, the previous results in Ref. [39] , and indeed the works of others using similar software and fitting procedure [31, 32, [48] [49] [50] .
Figures 3(b) and 3(c) show a sample of the numerical grid on the xy plane. The difficulty in modeling these MT-SOFCs was the small thickness of the cathode (50 lm), which required about five cells in order to account accurately for heat transfer through the electrode. Furthermore, the grid size change and aspect ratio changes were kept to a minimum, below 5. The silver wires on the cathode current collector, see "cathode CC" in Fig. 3 , also proved a challenge to include, as they were extremely thin zones and were meshed three cells deep. The "Gambit" [34] meshing tool was used to manually generate the model mesh.
Results and Discussions
A comparison of the MT-SOFC I/V curves, measured in the experimental apparatus under all three manifold conditions and both cathode current collection positions is shown in Figs. 4(a) "þ in" and 4(b) "þ out." Please refer to Fig. 2 in order to establish these "þ" terminologies. The oxidant flow regime was compressor air, and it was regulated by a flow controller to 105 ml N /min. The fuel flow was 50 ml N /min of 97 mol. % H 2 and 3 mol. % H 2 O. Since so many plots would be required should every simulation predicted I/V curve also be shown, the averaged CFD predicted result is shown. The variation between the CFD simulated plots was quite small with a less than 3% difference between the largest and smallest power value predicted at 0.55 V. More variation was observed in the measured data as can been seen in Figs. 4(a) and 4(b), up to a maximum of 8% variation in power measurements at 0.62 A/cm 2 . This measurement variation can almost certainly be attributed to the small temperature fluctuations that were caused by the "on/off" PID controlled heating system. This statement is furthermore substantiated by the fact that no clear electrical property trends between similar regimes were observed in Figs. 4(a)  and 4(b) . Clearly, the flow regime had no noticeable effect on the MT-SOFC electrical performance, and furthermore, the cathode current collector location in relation to the MT-SOFC fuel inlet had no noticeable effect. This latter fact meant that the rather low fuel utilization 28%, combined with the ample silver current collection on the cathode, allowed for a very effective MT-SOFC current generation and collection system, albeit, at the cost of fuel utilization and plenty of silver wire and paste. A significant 5.2% variation between the CFD predicted OCV and measured OCV can be observed in both Figs. 4(a) and 4(b) . This may have been caused by small short circuits in the electrolyte, although the stability of the measured OCV remained relatively constant through the measurements and no temperature variation was measured upon changing from a 95/5 mol. % N 2 /H 2 to 100 mol. % H 2 mix. Activation losses, ohmic losses, or indeed mass transport losses that were not accounted for by the CFD simulation seem more likely to be the cause of this OCV difference.
Figures 5(a)-5(c) depict each of the three thermocouple measurements recorded at positions on the MT-SOFC cathode. Apart from the nonconformal reading on "cathode mid þ in" at 0.35 A/cm 2 , the largest deviation between two measurements recorded at any current density was 2.6 K, which was accounted for by the temperature fluctuation caused by the apparatus heating system on the measurement. Furthermore, an averaged CFD temperature prediction at the thermocouple location for all three cases is included in Figs. 5(a)-5(c). It was experimentally measured and predicted via CFD modeling that the flow regime had negligible effect on the MT-SOFC temperature distribution. In fact, the CFD predictions showed insignificant deviations (< 0.5%) between each predicted regime power curve point predictions. Also Fig. 5(d) shows a comparison of the measured MT-SOFC current density for the three manifold regimes under various oxidant flow rates when the cathode current tap was located at the hydrogen exhaust "out þ." The measurements and CFD prediction show that the oxidant flow rate as a function of the three different manifold techniques had little effect on the MT-SOFC electrical performance.
In Fig. 5(d) , an averaged CFD model prediction showed an MT-SOFC electrical performance similar to the measured cases for all oxidant flow rates. The maximum difference between any two measured current density recordings was 0.06 A/cm 2 meaning a 12% measurement variation, and the maximum difference between any measured value and the averaged simulation prediction was 0.05 A/cm 2 meaning a 10% measurement variation. The cross-flow case, at lower oxidant flow rates, caused slightly lower MT-SOFC current densities compared to the co-and counter-flow cases. The CFD predictions also showed a similar trend, but the deviation between the co/counter-and cross-flow measurement was, at 42 ml N /min, 3.2% compared to 16% for the measured values. The average velocity (inside the apparatus) attributed to a 42 ml N /min flow in the cross flow case was predicted to be about 1 mm/s as compared to 2.3 mm/s in the cross-and co-flow cases. Neglected, buoyant flows or nonuniform flows etc. associated with such low velocities in the cross flow case may have occurred in the experimental apparatus that were not accounted for in the numerical simulation. This point requires further investigation, but such an effect on the current density as a function of the flow regime and its velocity will surely be much easier to establish in the seven MT-SOFC experiments and simulations.
While the thermocouple measurements and simulation predictions shown in Fig. 5 provide an interesting account of the temperature profiles on the MT-SOFC cathode, CFD can be used in order to fill in "phenomena" gradient gaps using contour plots. The assumption was that the thermocouple readings and current density readings are sufficient validation parameters for such simulations. Figure 6(a) shows the predicted temperature profile on the MT-SOFC cathode for the co-flow case. In all the following contour plots, the cathode current tap was located at the top of the In the case where the fuel inlet was at the same location as the cathode current tap (Fig. 6(d) ), the current density distribution across the MT-SOFC tended to show higher current density values near the current tap/hydrogen inlet. In comparison, in Fig. 6(b) , where the hydrogen inlet was opposite the cathode current tap, the current density distribution was slightly more homogenous, especially in regions not covered by the silver current collector. High current density rings and line zones, where the current collector was located, can quite clearly be seen on the cathode as zones of higher current density.
The relatively low fuel utilization, 28% in this case, is almost certainly the reason for the rather homogeneous current production along the MT-SOFC. The zones of lower current production (blue spots on the cell, refer Figs. 6(b) and 6(d)), correspond to the cathode zones that did not have a current collector placed over them. This is an indication of how important adequate current collection on the cathode is. The zones not directly covered by the cathode current collector experienced at worst a factor two lower current density when compared to the zones of maximum current density. This phenomenon is likely a function of the distance from the current collector. Figures 6(b) and 6(d) show the oxidant species concentration in mole percent as a function of fuel inlet and outlet. It can be seen that the oxidant is not being refreshed to the chamber at an optimum rate, as the amount of oxidant even entering the testing chamber is 10% lower than terrestrial conditions. This was caused by the design of the testing apparatus and the very low flow rates.
Figures 7(a) and 7(c) show temperature plots, which were predicted by the CFD software, for the counter-flow regime. When these plots are compared with Figs. 6(a) and 6(c), it can be seen that the oxidant flow regime had negligible effect on the MT-SOFC Where the hydrogen was supplied, the current density was the highest similar to the coflow case; refer to Figs. 6(b) and 6(d). It was expected that the counter-flow regime would have produced a lower maximum current density and lower minimum O 2 mole percent distribution as the depletion of the oxygen along the MT-SOFC should, in this regime, be most pronounced at the hydrogen inlet. However, this effect was not noticed in these CFD predictions, and indeed this effect was not observed in the I/V measurements; please refer to Fig. 4 .
The cross-flow case, seen in Fig. 8 , also continued the trend seen in Figs. 6 and 7 whereby the temperature plots in Figs. 8(a) and 8(c) were uneffected by the flow regime. A perhaps interesting difference was observed in the species concentration plots seen in Fig. 8 where the variation of the species mole fraction was substantially less than in Fig. 6 and Figs. 7(b) and 7(d). This was because the oxygen depletion along the MT-SOFC length (i.e., co-and counter-flow) had a larger effect in causing the lower oxygen species concentration than oxygen depletion along the MT-SOFC diameter (i.e., cross-flow). An interesting CFD prediction was that the oxidant species distribution minimum was predicted to be 5.4% lower in the co-and counter-flow case when compared with the cross flow case. This was in spite of average velocity attributed to a 105 ml N flow in the cross flow case was 2.4 mm/s as compared to 4.6 mm/s in the co-and cross-flow cases. At these low velocities, the oxygen diffusivity had a significant impact whereby the longer flow path in the co-and counter-flow cases had an effect.
Regardless of the temperature distribution and current density distribution in Figs. 8(a)-8(d) were the same as observed in Fig. 6 and Figs. 7(a)-7(d) showing that the fuel inlet and current collector position had more effect on the MT-SOFC performance the than oxidant flow regime. For all three oxidant flow regimes, it was observed that when the fuel was supplied at the same position as the current tap (Figs. 6(b), 7(b), and 8(b)), there was a large current density distribution across the MT-SOFC when compared to the case whereby the current tap was located at the fuel outlet (Figs. 6(d), 7(d), and 8(d)). However, in both situations, regardless of oxygen regime, the MT-SOFC produced exactly the same amount of power. In order to produce almost identical average power densities for each case, this meant that the higher current density at the MT-SOFC inlet and lower current density at the outlet, for the case where the cathode current tap was located at the fuel inlet (Figs. 6(b) , 7(b), and 8(b)) was compensated for by the slightly more uniform current distribution in the case where the cathode current collector was located at the fuel outlet (Figs. 6(d), 7(d), and 8(d) ).
Conclusions and Outlook
In all three cases, co-, counter-, and cross-flow, the flow regime had no observable impact on the MT-SOFC electrical performance or temperature profile with an oxidant flow rate of 105 ml N /min. This fact was both experimentally measured and numerically simulated. Exactly why the temperature profile that was measured using thermocouples and subsequently predicted by the CFD code was always hottest just above the MT-SOFC center is not clear and requires further investigation. In our previous thermograph measurements [40] and CFD predictions [39] , the maximum temperature was closer to the hydrogen inlet. However, the cathode current collector location in this case was located at the MT-SOFC center, and the current collector distribution on the MT-SOFC cathode was much less, which may be an explanation for the discontinuity in results. Moreover the cell tested in Ref. [40] was from a different generation with properties that allowed a much higher electrical performance.
If the hydrogen concentration was the cause of this higher temperature at the inlet in Ref. [40] , then the results of the current study should also have shown this trend. In fact, this study has shown that while most of the electricity was generated in regions close to the hydrogen inlet, this is not necessarily true of cathode side heat generation. Apart from the slightly higher "lowest mole percent oxygen CFD prediction," there was little variation in other phenomena between the three manifold techniques. What exactly the results of the single MT-SOFC measurements and CFD predictions mean for a MT-SOFC stack is unclear. This is because of the altered radiation properties of a bundle in the apparatus and higher oxidant flow rates in comparison to the single MT-SOFC case. It is expected that the MT-SOFC in the middle of the seven cell bundle we have designed will become substantially hotter. It will be interesting to see the effect of neighboring MT-SOFCs on the center MT-SOFC temperature and indeed its surrounding species concentration. These effects will surely be a function of the MT-SOFC to MT-SOFC spacing, which may be rather easily optimized using CFD. The apparatus used in these experiments was designed to hold a seven MT-SOFC stack, and measurements and CFD simulation will be performed again in the future.
In a further study, different fuel compositions and inserting thermocouples inside the anode are also being considered.
